Using a panel of synthetic oligosaccharides attached to a polyacrylamide carrier, the epitope of monoclonal antibody F2, evoked to high Mr salivary mucins, was mapped to the SO3-3Ga^l-3GlcNAc-moiety of the sulfo-Le a antigen. Using immunochemical techniques, the expression of the F2-epitope was investigated in a number of different isolated human mucin species, as well as in human and rat tissue specimens. The mAb F2 bound to high M r salivary mucins, cervical mucins, colon mucins and gallbladder mucins, but not to low M r salivary mucins nor to gastric mucins. Immunohistochemical screening of human tissues with mAb F2 revealed a positive reaction with a number of epithelia, including the (sero)mucous salivary glands, the goblet cells of the colon, submucosal glands of the lung, the lining epithelium of cervical and esophageal glands, the suprabasal skin keratinocytes, and Hassail's corpuscles of the thymus. No staining was found in normal breast, pancreas, small intestine, spleen, and lymph nodes. Normal gastric glands were negative, but gastric intestinal metaplastic glands strongly stained with the antibody. In rat tissues, mAb F2 labeled epithelial cells of salivary glands, colon and stomach. In addition to epithelial cells, extracellular matrix components in rat thymus and skin were labeled by mAb F2. No labeling of erythrocytes, granulocytes, lymphocytes or bone marrow cells was found by FACScan analysis. The present data shows a tissue specific distribution of the F2-epitope in cells from the epithelial lineage in human and rat
Introduction
Because of their structural diversity, oligosaccharides are wellsuited to function as ligands in various recognition processes (Varki, 1993) . For instance, a large number of oligosaccharides has been identified as receptors for bacterial adhesins (Lamblin et al., 1991; Karlsson, 1995) , but also recruitment of leukocyte subsets into inflammatory sites requires the presentation of ligands with selectin-specific carbohydrate epitopes (Rosen and Bertozzi, 1994) . In this context, sialylated Le a and sialylated Le x containing oligosaccharides have been identified as counterligands for selectins. A number of studies have indicated a role for sulfated residues as well (Rosen and Bertozzi, 1994; Wilkins et al., 1995) . For example, binding of L-selectin to its ligand on endothelial venules is dependent on sulfation of the ligand, highlighting the relative importance of sulfate residues for the adhesive specificity of this protein (Imai et al., 1993) . In vitro studies have indicated that sulfated Lewis" and sulfated Lewis* are more potent ligands for both L-and Eselectin than the sialylated Lewis antigens (Green et al., 1992; Yuen et al., 1992 Yuen et al., , 1994 . It is not known, however, to what extent sulfated Lewis structures also in vivo serve as ligands for selectins, or whether they are in an other way implicated in recognition processes. Indications about possible biological functions of such structures can be gathered by studying their prevalence in tissues and secretions. Until now the lack of immunochemical tools of defined specificity has hampered such an approach.
In previous studies, a monoclonal antibody raised against the high M,. salivary mucin MG1 (mAb F2) has been used for immunochemical analysis of chemically different salivary mucin species (Veerman et al, 1991 (Veerman et al, , 1992 Bolscheref a/., 1995) . These studies indicated that the expression of the F2-epitope ran parallel with the sulfate content of the salivary mucin species. In the present study we have mapped the epitope of mAb F2 to SO 3 -3Gaipi-3GlcNAc-, which is part of the sulfo-Le a antigen. Using this antibody we have conducted an immunohistochemical survey to localize its cognate antigen in human and rat. In both species mAb F2 labeled mucin producing epithelial tissues, for example, salivary glands and gastrointestinal epithelium. In addition, labeling was found in distinct regions of thymus and skin.
Results

Characterization of the epitope of mAb F2
The epitope recognized by mAb F2, originally evoked against high fvL mucins of human whole saliva (Rathman et al., 1990) , was closer defined by screening in ELISA a series of synthetic oligosaccharides, multivalently attached to a polyacrylamide carrier, with this mAb. Of the oligosaccharides tested (Table I , Figure 1 ), only SO 3 -3Gaipi-3[Fucal-4]GlcNAc-, the sulfoLe* antigen, was recognized by mAb F2. This was corroborated by the results obtained when mAb F2 was tested in a competition ELISA with the various antigens, that is, after preincubation with sulfo-Le" (10 u-g/ml), subsequent binding of F2 to mucin coated wells was inhibited, whereas preincubation with the other compounds had no effect Treatment of polystyrene coated sulfo-Le* with 50 mM Na-E-CLVeerman et aL 
meta-periodate, oxidizing the periodate sensitive fucose residue in sulfo-Le", did not affect the recognition by mAb F2. To verify whether the fucose residue indeed was destroyed, simultaneously the binding of the lectin AAA, requiring fucosylation for its binding (Crommie and Rosen, 1995) , to native and periodate treated sulfo-Le" was tested. AAA bound to native sulfo-Le", but after periodate treatment the binding was completely abolished, indicating that the periodate treatment effectively had destroyed the fucose residues of sulfo-Le"(not shown). These results suggest that the fucose residue a 1-4 linked to GlcNAc is not part of the epitope. On the other hand, the findings that neither the sulfo-Le x antigen, SO 3 -3Gal|31-4[Fucotl-3]GlcNAc-, nor the terminal SO 3 -Gal were recognized by mAb F2, indicated that the pi-3 glycosidic linkage between galactose and A'-acetylglucosamine in the Le° moiety is essential for recognition. The mAb F2 did not bind to any of the other oligosaccharides tested, including sialyl-Le*, sialylLe'', Le", Le x , Le b , and Le y . The sulfate-dependent recognition of mAb F2, inferred from its inability to bind Le', was confirmed by the finding that after removal of sulfate residues from salivary mucins by acid solvolysis, binding to the result- Neoglycoconjugates (1 u,g/ml) were coated onto polystyrene wells of microtiter plates by overnight incubation at 4°C. MAb F2 (0.5 p-g/ml in PBS-T, containing 1% gelatin) was added. Bound antibody was probed with anti-mouse immunoglobulins conjugated to peroxidase, using o-phenylene-diamine and H 2 O 2 as substrates.
ing desulfomucin was abolished completely (Figure 2 ). Conclusively, the results indicate that the minimal structure required for recognition of mAb F2 comprises SO 3 -3Gal|31-3GlcNAc.
Presence of the F2-epitope in human secretions
To investigate if the sulfated carbohydrate antigen is a commonly occurring epitope of mucins, saliva and other mucin containing fluids were screened in ELISA with mAb F2 . The presence of the F2-epitope could be demonstrated in saliva, nasal mucus and tears, but not in milk, seminal plasma, or sweat (not shown). When purified antigens were tested (Table  II) , it was found that mucins isolated from palatine, sublingual, colon, and gallbladder secretions displayed strongest reactivity with mAb F2, whereas submandibular and cervical mucins reacted to a lesser extent In contrast, the low IvL salivary mucin MG2 (the MUC7 product), gastric mucins, and episialin (the MUCl product) from human milk were not recognized by mAb F2. Furthermore, no binding of mAb F2 to glycosaminoglycans, including chondroitin sulfate A and C, heparin, and dextran sulfate could be demonstrated. To exclude the possibility that the negative results obtained with these molecules were due to inefficient adsorption of these highly anionic compounds to polylysine pretreated polystyrene, these antigens were also tested in a competition ELISA. Preincubation of 15 (ig/ml of these compounds with mAb F2 in several dilutions had no effect on its subsequent binding to mucin coated polystyrene wells. In contrast, after preincubation of mAb F2 with 5 n-g/ml purified mucin or 1:200 diluted saliva, binding to mucin coated polystyrene was completely abolished (not shown).
lmmunohistochemistry on human tissues
The prevalence of F2-epitopes in normal human tissue specimens was investigated immunohistochemically on sensofix-OD 490 nm
0.0001
Mucin concentration (ng/ml) Polystyrene wells were coated with purified antigens, 2-fold serially diluted in 0.1 M NaHCO 3 , and tested with mAb F2 in ELISA. Heparin, dextran sulfate, chondroitin sulfate A, and chondroitin sulfate C (starting concentrations: 100 u,g/ml) were coated onto polylysine prctreated wells of microtiterplates.
-, Negative; +, moderate; ++, strong; +++, very strong.
and formalin-fixed sections. Results are summarized in Table  ITJ . In the salivary glands major reactivities were noted on acinar cells of the sublingual, palatine, and submandibular salivary glands. The parotid gland was completely negative, as could be expected for this pure serous gland. The lining cells of the mucous glands of colon, esophagus, and cervix were positive. Lung and prostate contained positively staining foci, whereas stomach, small intestine, breast, pancreas, spleen, tonsil, and lymph nodes were negative. Figure 3 illustrates the results obtained with human colon (a), gastric (b), thymus (c), and skin (d) sections. In the colon (Figure 3a) epithelial cells of the crypts were strongly stained. In contrast, in none of the gastric specimens tested was staining of the mucus-producing cells lining the foveolae and glands of the gastric mucosa observed. Neither the parietal cells nor the chief cells, lining the fundic glands, reacted with mAb F2. In a number of antral specimens containing type HI intestinal metaplasia (Craanen et ai, 1991) epithelial cells lining the metaplastic glands strongly stained with mAb F2 (see inset Figure 3b ). Besides in mucous epithelial tissues, staining was observed in thymus and skin. In thymus, F2 reactivity was restricted to a subset of medullary, concentrically arranged epithelial cells, showing a lamellar pattern with formation of whorls (Figure 3c ). This morphology is characteristic of Hassall's corpuscles, a subset of medullary thymic epithelial cells whose origin and function within the thymus are largely unknown. In skin, mAb F2 stained a subset of differentiated keratinocytes, that is, the suprabasal cell layers. These cells displayed a knobby membrane distribution, suggestive for a desmosomal localization of the F2-epitope (Figure 3d ).
Immunohistochemistry on rat tissue
To obtain indications as to whether the presence of F2-epitopes is specific to man, we investigated its distribution also in the rat Results are summarized in Table IV , and examples obtained with thymus are illustrated in Figure 4 . The localization in rat resembled the distribution in human tissues: secretory mucous epithelia were labeled, and strongest signals were obtained in salivary glands and colon, whereas in gastric, small intestine, and lung epithelia weak or no reactivity was noted. Immunohistochemical analysis was performed on sensofix-or formalin-fixed, paraffin embedded slides. The sections were incubated with mAb F2, followed by peroxidase-labeled rabbit anti-mouse immunoglobulins, stained with 3,3'-diaminobenzidine-tetra HC1 and counterstained with hematoxylin.
-, No staining; + moderate; ++ strong; +++ very strong, n, number of different specimens tested.
Similar to man, the only other rat tissues that were labeled by mAb F2 were thymus and skin (Table IV) . At variance with the results obtained in human tissues, however, was the finding that in these tissues also extracellular matrix components were labeled. Furthermore, in rat skin scattered positive cells were observed underneath the basal regions (not shown), while suprabasal keratinocytes were negative. In thymic tissues of the rat, vessel-associated matrix components (Figure 4a ) as well as epithelial cells (Figure 4b ) in the corticomedullary junctions of the thymus were labeled. Human and rat thymocytes were negative. In line with this were the results of flow cytometric analysis showing that the F2 epitope was absent from red blood cells, thymocytes, lymphocytes, granulocytes, monocytes, and bone marrow cells from the rat (not shown).
Discussion
In the present study it is demonstrated that mAb F2 recognizes the SO 3 -3Galfil-3GlcNAc moiety of the sulfo-Le a antigen (Figure 1) . The chemical features of the F2-epitope are in keeping with previous results, which indicated that the epitope was resistant against various chemical treatments, including digestion by papain and neuraminidase, and treatment with mild acid and periodate (Veerman et aL, 1991) . Likely, the periodate-insensitivity of this particular carbohydrate epitope stems from the absence of vicinal hydroxyl groups, due to esterification of the 3-OH group of the terminal galactose with sulfate. Furthermore, the periodate sensitive fucose-residue that in Le" is a 1-4 linked to the GlcNAc residue, is not necessary for recognition. In this respect it is noteworthy that L-selectin also binds to defucosylated sulfo-Le7Le* antigens (Green et aL, 1992) .
The expression of the F2-epitope is tissue specific: while the epitope is clearly detectable in mucous epithelia of the salivary glands, the colon, and the uterine cervix, it was not expressed at levels detected by this technique in epithelia of the healthy stomach, breast, and small intestine (Tables HI, IV) . The high expression of F2-epitopes on mucins from colon and the palatal salivary glands on one hand, and the low expression on gastric mucins on the other hand, runs parallel with their differential sulfate contents (Raouf et aL, 1992; Veerman et aL, 1992; Slomiany et aL, 1993; Bolscher et aL, 1995) . The finding reported here that gastric intestinal metaplasias are labeled by mAb F2 is in agreement with histological studies demonstrating sulfomucins in gastric intestinal metaplasia, but not in normal regions of gastric tissues (Ectors and Dixon, 1981; Matsukuma et aL, 1990; Craanen et aL, 1991; Ohe et aL, 1994) .
The distribution of the putative sulfated Lewis epitopes is rather restricted. Skin and thymus, displaying phenotypic similar features (Nicolas et aL, 1989; Patel et aL, 1995) , were the only tissues besides mucous epithelia that were labeled by mAb F2. This might point to a role of the F2-epitope in a basic function or process of these organs. In thymus, interactions between developing thymocytes and cells of the thymic microenvironment are necessary for maturation of thymocytes into mature T cells. L-and E-selectins, which recognize also the sulfo-Le" antigen (Green et al., 1992) have been implicated in these processes (Piliarski et aL, 1991; Witherden et aL, 1994) . Thus, the F2-epitope might be one of the structures mediating cell-cell adhesion in these domains of the thymus. In skin, a similar role for F2-epitopes can be envisaged in the direct binding of T-lymphocytes to keratinocytes (Shiohara, 1992; Stoof et aL, 1992) .
Conclusively, using this specific antibody it was demonstrated that in man and rat the SO 3 -3Gaipi-3GlcNAc moiety of the sulfo-Le" antigen is expressed on several different mucin species, as well as in differentiated skin and thymic epithelial Tissue distribution of SO3-3GalBl-3GlcNAc in human and rat cells. The latter findings suggest that these carbohydrate structures may be involved in adhesion processes, but functional experiments are needed to clarify their role.
Materials and methods
Collection of human body fluids
Whole saliva was collected without stimulation by spitting into ice-cooled vessels. Tears were collected after mechanical irritation of the eye by applying airstream. Nasal mucus was coUected after stimulation with ammonia vapor. Sweat was collected using a fluid absorbing cotton roll, intended for collection of saliva (Sarstedt, NUmbrecht, Germany). This plug was applied under the arms, and after approximately 15 min absorbed sweat was collected by centrifugation at 3000 x g, for 5 min. Seminal plasma was collected by masturbation. Human milk was collected 3-5 months post partum. Samples were clarified of paniculate matter by centrifugation at 10,000 x g for 5 min.
Antigens
MG1 was isolated as previously described (Veerman et al., 1989) . Desulfalion of mucins was conducted by acid solvolysis in anhydrous methanol, containing 0.05 M HQ at 32°C for 3 h. MG2 and cervical mucins were a kind gift from Dr. J.K.Sheehan, Division of Biological and Biophysical Sciences, University of Manchester, UK. Episialin from human milk (Hilkens et al., 1989 ) was a gift from Dr. J.Hilkens (Division of Turner Biology, The Netherlands Cancer Institute, Amsterdam). Purified human gallbladder mucin was a gift from Dr. A.K.Groen (Department of Gastrointestinal and Liver Diseases, Academic Medical Center Amsterdam, The Netherlands). Purified human colon mucin (Tytgat et al., 1994 ) was a gift from Dr. J.Dekker, Department of Pediatrics, Academic Medical Centre Amsterdam, NL). A crude gastric mucin preparation was a gift from Dr. R.Negrini, Brescia, Italy. Polylysine (type U), chondroitin sulfale A, and chondroitin sulfate C were obtained from Sigma (St. Louis, MO), heparin from BDH (Poole, UK), and dextran sulfate (sodium salt from Leuconostoc spp) from Fluka (Buchs, Switzerland). Sialyla2-3Le', sialyla2-3Le», sulfo-3-Le", sulfo-3-Le x , Le*, U?, Le*, Le b , and sulfo-3-galactose linked via three-carbon spacers, to a polyacrylamide type matrix (Bovin et al., 1993) , were obtained from Syntesome, Munich, Germany. In these compounds approximately every fifth amide group of the polymer chain is N-substituted by the carbohydrate on a spacer arm -(CHJV-Periodate treatment of sulfo-Le\ coated onto microtiter plates, was conducted as described by Woodward et al. (1985) , using 50 mM sodium-ratta-periodate in 50 mM sodium acetate (pH 4.5). Effectivity of periodate treatment was verified by chromatographic analysis after hydrolysis in 2 M trifluoroacetic acid for 4 h on Dionex CarboPac PA-100 column using HPAE-PAD. Results indicate that by periodate treatment tbe fucose was almost completely destroyed, while galactose was still present (not shown). In addition, presence of fucose was monitored in ELISA using digoxigenin (DIG) labeled Aleuria aurantia agglutinin AAA (Boehringer, Mannheim, Germany). Detection of bound lectin was conducted using anti-DIG-peroxidase labeled Fab fragments (Boehringer, Mannheim, Germany).
Monoclonal antibodies
Production and preliminary characterization of mAb F2 (IgM subclass), directed to MG1 has been described previously (Rathman et al., 1990; Veerman et al., 1991) . Briefly, these studies indicated that the F2 epitope is insensitive to digestion with papain, mild acid hydrolysis, or periodate oxidation. Using a panel of (semi)synthetic oligosaccharides the epitope has now been mapped to the SO 3 -3Gaipi-3GlcNAc moiety of the sulfo-Le* antigen (see Results).
Immunochemical assay
ELISA with mAb F2 was performed as described previously (Veerman et al., 1991) . Briefly, duplicate samples of the various body fluids, isolated mucins, or oligosaccharide polyacrylamide conjugates were 2-fold serially diluted in 0.1 M NaHCO 3 (pH 9.6), starting from 2 u.g/mL and incubated overnight at 4°C in polystyrene wells of microtiter plates. After rinsing, mAb F2 (approximately 1 u.g/ml) was added and incubated for 1 h at 37°C. Bound antibodies were probed with peroxidase conjugated to rabbit anti-mouse immunoglobulin (Dakopatts, A/S, Glostrup, Denmark), using o-phenylene-diamine (0.4 mg/ml) and H 2 O 2 (0.012 %) as substrates. Color development was measured at 490 ran with a Dynatech MR7000 microtiter plate reader (Dynatech Laboratories Ltd., Billinghurst, UK). Before coating with heparin, dextran sulfate, chondroitin sulfate A, or chondroitin sulfate C, wells were pretreated by overnight incubation at 4°C with polylysine (0.1 mg/ml).
In addition, binding of mAb F2 to various antigens was studied in a competition ELISA. Antigens were incubated with serial dilutions of mAb F2 (from 0.5 to 0.005 |ig/ml, in PBS-Tween, containing 1 % gelatin), in duplicate in the wells of a microtiter plate, mAb F2. Final concentration of chondroitin sulfate A and C, heparin and dextran sulfate was 15 (ig/ml, final concentration of the synthetic oligosaccharides (see Table I ) was 10 ng/ml. After incubation (20 h, room temperature) the content of each well was transferred to corresponding wells that had been coated with purified salivary mucins (2 |ig/ml) and incubated for 1 h al 37°C. Bound F2 was detected using peroxidase conjugated to rabbit anti-mouse immunoglobulin, as described for the direct ELISA. Positive controls included purified salivary mucins (5 u.g/ml) and whole saliva (1:200 diluted).
Immunohistochemistry on human tissues specimen
Immunohistochemistry was performed on 4-ujn-thick sections of sensofix-or formalin-fixed, paraffin-embedded human tissues (stomach, colon, salivary glands, skin, spleen, tonsils, lymph node, lung, breast, prostate, esophagus, ovarium, colon, small intestine, and cervix) using an indirect immunoperoxidase technique. Slides were deparaffinized, and hydrated through xylene and gradient alcohols and dried. The sections were incubated with the mAb F2 (diluted 1:5 in PBS, 0.1% Tween 20) for 1 h at room temperature. After incubation, the slides were washed three times with PBS and subsequently incubated with horseradish peroxidase-labeled rabbit anti-mouse immunoglobulin (dilution 1:25) (Dakopatts, A/S, Glostrup, Denmark), for 30 min. The peroxidase activity was monitored with 33'-diaminobenzidine-tetra HC1 in PBS containing 0.01% H 2 O 2 . Sections were washed and counterstained with hematoxylin for 30 s, washed with running tap water, and mounted.
Immunohistochemistry on rat tissues
Tissues were frozen in liquid nitrogen and stored at -20°C. Cryostat sections (8 |im) were cut, picked up on gelatin coated slides, and air dried for at least 24 h. They were then fixed in acetone for 10 min, and air dried again for at least 30 min. Slides were incubated with optimal concentrations mAb F2 in PBS containing 0.2% BSA (PBS-BSA) for 1 h at room temperature. After rinsing in PBS, the sections were incubated for 1 h with horseradish peroxidaselabeled rabbit anti-mouse immunoglobulin in PBS-BSA containing 1% normal rat serum. After washing in PBS, peroxidase activity was demonstrated by incubation with 0.5 mg/ml 33'-diaminobenzidine tetrahydrochloride in 10 mM Tris-HCl containing 0.01% H 2 O 2 . Sections were briefly counterstained with hematoxylin. Control sections were treated the same way, omitting the primary antibody. eriands). Animals were maintained undeT conventional laboratory conditions and allowed free access to food and water.
Flow cytometry
Heparinized blood was collected from rats by cardiac puncture. Total blood was used for analysis of red blood cells. Peripheral blood mononuclear cells were isolated by centrifugation over a Lymphoprep® cushion, which results in a population that is composed of ED1 + monocytes for 15-20%; other cells are predominantly lymphocytes (Damoiseaux el al., 1989) . Bone marrow cells were obtained by flushing excised femurs extensively with RPMI 1640 medium. Thymocytes and lymphocytes were isolated by cutting respectively thymus and mesenteric lymph nodes into small fragments and gently pressing the fragments through a nylon gauze while flushing with RPMI 1640. Granulocytes were obtained by lavage from the peritoneal cavity 4 h after intraperitoneal thioglycolate injection (Damoiseaux etal., 1989) . All cells were washed twice in PBS/0.1% BSA and aliquots of approximately 10* cells were stained with optimal concentrations of mAb F2 for 30 min on ice. Subsequently, they were stained with phycoerythrin-conjugated rabbit anti-mouse immunoglobulins. After washing the cells were analyzed on a FACStar flow cytometer (Bedon Dickinson, Franklin Lakes, NJ) equipped with an Argon laser with excitation at 488 run and calibrated using CalibTite® beads (Becton Dickinson). Data were collected foT 10,000 events and analyzed using the CellQuest program (Becton Dickinson). In case of red blood cells, thymocytes, lymphocytes, and granulocytes, contaminating cells were excluded by electronic gating.
